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Vectorial atomic magnetometer based on coherent transients of laser absorption in Rb
vapor
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(Dated: August 30, 2018)
We have designed and tested an atomic vectorial magnetometer based on the analysis of the
coherent oscillatory transients in the transmission of resonant laser light through a Rb vapor cell.
We show that the oscillation amplitudes at the Larmor frequency and its first harmonic are related
through a simple formula to the angles determining the orientation of the magnetic field vector.
The magnetometer was successfully applied to the measurement of the ambient magnetic field.
PACS numbers: 42.50.Gy, 07.55.Ge, 42.50.Md, 32.30.Dx
I. INTRODUCTION
Most atomic magnetometers measure the modulus
of a magnetic field by measuring directly or indirectly
the Larmor frequency of the atomic magnetic moment
in the presence of the external field [1–4]. For many
applications as, for instance, geophysical measurements,
it is also important to determine the direction of the
magnetic field. Different methods have been proposed
and realized to measure the magnetic field vector. A
vectorial atomic magnetometers based on electromagnet-
ically induced transparency (EIT) in sodium transition
was proposed by Lee et al [5]. They have shown that
the dependence of the phase shift between pump and
probe fields on the angle between the magnetic field
and the light propagation and polarization directions
allows the measurement of both the magnitude and the
direction of the magnetic field. Weis et al.[6] presented a
theoretical study showing how the direction of the mag-
netic field vector can be extracted by the analysis of the
spectra of an optical radio frequency double resonance
magnetometer. Pustelny et al. [7] have studied exper-
imentally and theoretically a vectorial magnetometer
based on nonlinear magneto-optical rotation (NMOR).
The relative amplitude of the NMOR resonances in the
85Rb D1 line allowed the determination of the magnetic
field direction. The dependence of the EIT resonances
amplitudes on the direction of the magnetic field has also
been studied by Yudin et al. [8] and Cox et al. [9]. In
others atomic magnetometers, the three components of
the magnetic field vector were measured using Helmholtz
coils to generate additional small magnetic fields [10, 11].
These magnetometers based on the detection of coherent
effects in the frequency domain can be used for the
measurement of magnetic fields of the order of those
usually found in geophysics.
Recently several scalar atomic magnetometers were
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FIG. 1: (a) Scheme of the magnetometer setup, where DL:
diode laser, P: polarizer, λ/2: half-wave plate, PD: photode-
tector, C: coil; (b) Temporal sequence of the total magnetic
field component B‖ along the light propagation direction and
(c) corresponding laser absorption transient.
proposed based on the time domain analysis of coherence
transients [12–14]. In the present work we report the
realization of a vectorial atomic magnetometer based on
the time domain analysis of the coherent transient evo-
lution of a Rb vapor sample probed with resonant laser
light. Information about the magnetic field direction is
extracted from the relative amplitudes of the transient
oscillation at the atomic ground state Larmor frequency
and its first harmonic.
II. MAGNETOMETER SETUP
The proposed magnetometer setup (Fig.1) is similar
to the one used for our previous scalar magnetometer
[12]. The principle of operation of the magnetometer is
based on the use of a sequence of two consecutive atom-
light interaction intervals. During the first interval the
total magnetic field component along the light propaga-
tion direction is canceled through the application of an
additional magnetic field produced with a solenoid. Dur-
ing this interval the atomic sample becomes aligned by
optical pumping.
In a second interval, the applied field is turned off
2and the previously prepared atomic alignment evolves
in the presence of the magnetic field to be measured.
This evolution can be understood as a precession of the
atomic alignment [15] around the magnetic field vector.
The same linearly polarized laser beam, resonant with
the atomic transition, is used for both optical pumping
and probing the transient evolution of the atomic ground
state coherence. The transmitted light intensity is de-
tected with a photodiode. The coherent atomic evolu-
tion results in oscillations of the light transmission at the
ground state Larmor frequency ωL and the first harmonic
2ωL. The Larmor frequency is related to the magnetic
field modulus B through the expression: ωL = gFµBB
where µB is the Bohr magneton and gF is the ground-
state hyperfine level Lande´ factor which is known with
high accuracy [16].
The relative amplitude of the transient oscillations at
ωL and 2ωL depends on the magnetic field vector di-
rection and can be used to measure the magnetic field
vector components as it is theoretically analyzed in the
next section.
III. THEORY
In this section, we present a simplified theoretical
treatment based on a model transition from a ground
level with total angular momentum F = 1 to an excited
level with F ′ = 0 (see inset in Fig. 2). We use the nota-
tion |F,m〉 for the involved states where F is the atomic
level angular momentum and m the magnetic quantum
number. As discussed below, the results obtained can
also be applied to other transitions.
The total Hamiltonian of the system is
H = HA + HM + VD, where HA = ~ωo|0, 0〉〈0, 0|
is the atomic Hamiltonian and ~ωo is the energy
difference between the excited and ground levels,
HM = gFµBB.F is the magnetic Hamiltonian where
B is the magnetic field and F is the total angular
momentum operator. The atom-light interaction is
described by the term VD = −E.D where E is the light
electric field and D is the dipole moment operator.
We assume that the system evolves due to the pres-
ence of a magnetic field and consider the interaction
with the light field as a perturbation. The density ma-
trix ρ(t) that describes the atomic state is given by
ρ(t) = U(t)ρ0U
†(t), where ρ0 is the atomic state at t = 0
and U(t) = e−i(HA+HM )t/~ is the evolution operator.
A. Atomic alignment preparation
We consider a laser beam propagating along the z
axis and polarized along the x (see Fig.2a). During the
preparation interval the total magnetic field is canceled
(through the application of an auxiliary field) and the
atomic system is optically pumped to dark states. Using
x as the quantization axis, the light field only couples
the states |1, 0〉 and |0, 0〉. In consequence the system is
pumped into the initial state given by the density ma-
trix ρ0 =
1
2 (|1, 1〉〈1, 1|+ |1,−1〉〈1,−1|) representing the
alignment of the system.
B. Alignment precession
After the preparation interval, the auxiliary magnetic
field is turned off and the atoms evolve in the presence of
the magnetic field to be measured (Fig.2a). To simplify
the calculation of the atomic system evolution it is conve-
nient to describe the state of the system using a reference
frame where the magnetic field direction corresponds to
the quantization axis. This is achieved by two consec-
utive rotations around the x and y′ axis (y′ is obtained
after rotation of the y axis an angle β around axis x. See
Fig.2a). In the rotated frame, the initial density matrix
is ρR = Rρ0R
† where R = Ry′(α).Rx(−β) is the prod-
uct of the rotation operators e−iβF̂x/~ and eiαF̂y′/~. The
evolution of the system in this frame due to the magnetic
field is described by ρ(t) = U(t)ρRU
†(t).
FIG. 2: (a) Light and magnetic field vectors. Inset: model
atomic transition F = 1 → F ′ = 0 using x as the quanti-
zation axis. (b) Alternative set of coordinates used for the
experiment in which the magnetic field and the wave vector
are perpendicular to one of the coordinate axis.
Finally, after turning back to the original frame, we
compute the time dependence of the light absorption us-
ing standard perturbation theory to calculate the transi-
tion probability rate W from the ground to the excited
level: W = 2pi
~
〈0, 0|V ρ(t)V †|0, 0〉. We obtain:
W ∝ sin2(α)
[5
4
+
3
4
cos(2α)− cos(ωLt)
(
1 + cos(2α)
)
−
cos(2ωLt)
4
(
1− cos(2α)
)]
(1)
Two oscillating terms appear in the evolution; one is
oscillating at the Larmor frequency ωL and the other at
its first harmonic 2ωL. The ratio of the amplitude of the
two oscillating terms directly relates to the angle α:
bωL/b2ωL = 4 tan
−2 α (2)
3The proposed magnetometer is based on the use
of Eq.2 for the determination of the angle between
the magnetic field vector and the light polarization
direction. In the derivation of Eq.1 we have ignored the
system relaxation due to ground state decoherence. It
is assumed that the decoherence characteristic time is
much longer than the Larmor period. In consequence,
the magnetometer operation is limited to magnetic fields
that are large enough to verify this assumption.
As expected, Eq.1 predicts that the transient response
is zero for a magnetic field parallel to the light polariza-
tion direction (α = 0) since no precession occurs for an
atomic alignment that is created parallel to the magnetic
field. Another singular configuration corresponds to the
magnetic field perpendicular to the light polarization
(α = pi/2), in which case only the precession at 2ωL is
observed without the component at ωL in consistency
with Eq.2.
In order to apply Eq.2 to actual experiments it is con-
venient to use the alternative angular coordinates shown
at Fig.2.b best suited to experimental control (φ mea-
sures the light polarization angle with the plane contain-
ing the magnetic field and the light wave vector, ϕ is
the angle between the magnetic field and the light wave
vector). Eq.2 can then be written as:
bωL
b2ωL
=
4 cos2 φ
cot2 ϕ+ sin2 φ
(3)
The derivation of Eqs.2 and 3 was done under the as-
sumption that the initial state is a statistical mixture of
coherent dark states |1,+1〉 and |1,−1〉 with no popula-
tion in the |1, 0〉 state. In order to ensure the preparation
of this initial atomic state, a measurement procedure is
described in the next section.
Strictly speaking, Eqs.2 and 3 were only derived for
a F = 1 → F ′ = 0 transition. In the next section we
describe a numerical simulation showing that it can
also be applied to different transitions including the
F = 2→ F ′ = 1 transition used in the experiment.
C. Measurement procedure
The initially prepared atomic state is in principle
dependent on the magnetic field. Consequently, a
specific procedure needs to be followed to ensure that
the prepared state corresponds to the sate ρ0 assumed
in the theory.
First, the light polarization must be rotated to a
direction perpendicular to the magnetic field (φ = pi/2).
In practice this can be done by rotating the light
polarization to the direction that cancels the transient
oscillation at the Larmor frequency ωL, only preserving
the transient oscillation at 2ωL. Some information
about the magnetic field direction is thus obtained
since the plane containing the magnetic field vector
and the light wave vector is identified. Also, the
modulus of the magnetic field can be measured using
the procedure described in [12]. At this stage, a perfect
cancelation of the magnetic field during the state
preparation interval via optical pumping is not essential.
As discussed in [12], is sufficient to roughly cancel the
magnetic field component along the light propagation
to observe a large enough amplitude of the atomic signal.
Next, the light polarization is rotated an angle pi/2 to
the plane containing B and k. In this stage the magnetic
field component along the light propagation direction B‖
must be canceled during the preparation interval using
the external coil. To optimize this field cancelation the
maximization of the transient signal amplitude is used as
a criterium. Once this cancelation is achieved, the total
magnetic field during the preparation interval is parallel
to the light polarization. In consequence, the laser light
only induces pi transitions (taking the light polarization
as quantization axis, see Fig. 2) and the atomic system
is pumped to a statistical mixture of the states |1,+1〉
and |1,−1〉 as was assumed in the derivation of Eq.2.
After the preparation interval, the current in the coil is
turned off and the oscillatory transient observed. The
magnetic field direction given by ϕ is then determined
with the help of Eq.3 using φ = 0.
Equation 3 does not allow the determination of
the sign of the angle ϕ. The orientation of the field
component B⊥ perpendicular to the direction k is not
determined by this equation. However, the orientation of
the field component B‖ is known since it is determined
by the sign of the external field required to compensate
such component during the preparation interval. If a
priori knowledge of the sign of ϕ is not available, an
additional measurement in the presence of an additional
magnetic field perpendicular to light propagation (pro-
duced by another coil) can be used to determine this sign.
The imperfect cancelation of the magnetic field com-
ponent B‖ during the preparation interval introduces a
measurement error. It was estimated using the numerical
simulation described in the next section.
IV. NUMERICAL SIMULATIONS
We have computed theoretical plots of the transient
evolution of the laser beam absorption by Rb vapor
by numerically solving the optical Bloch equations
including all Zeeman sub-levels [17]. Typical results
are shown at Fig.3(a) and 3(b) for φ = pi/2 and φ = 0
respectively for the F = 2 → F ′ = 1 transition used in
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FIG. 3: Numerical prediction of transients for (a) φ = pi/2,
(b) φ = 0.
the experiment. The parameters used in the numerical
model are determined from the experimental conditions.
The calculated transients are very well adjusted to the
damped oscillation function [17]:
A(t) = e−γ1t(b2ωL cos(2ωLt+ θ2ωL)+
bωL cos(ωLt+ θωL)) + C +De
−γ2t (4)
After fitting the calculated transients to Eq.4 we
determine the ratio bωL/b2ωL . The result for the
87Rb,
F = 2 → F ′ = 1 transition used in the experiments is
shown in Fig.4. Also shown in this figure is the predic-
tion from Eq.3. The comparison of these plots shows
that Eq.3 is acceptably accurate in spite of having been
derived for a different (F = 1→ F ′ = 0) transition. The
approximate validity of Eq.3 was numerically checked
for all the Rb D transitions.
The numerical model was also used to estimate the
magnetometer uncertainty. As mentioned in Sec. III C,
an error is introduced if the magnetic field along the light
propagation direction is not properly compensated dur-
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FIG. 4: Comparison of ratio bω/b2ω determined by fitting the
numerical simulation for a transition (F = 2 → F ′ = 1) (dots)
and the prediction after the expression Eq.2 (line).
ing the atomic state preparation interval. This compen-
sation is achieved through the maximization of the os-
cillatory transient amplitude. Assuming that the max-
imization is done with an uncertainty of 1% then the
uncertainty on ϕ is estimated to be about 0.1◦ in the
conditions of the experiment.
V. EXPERIMENT
We have used a CW diode laser tuned to resonance
with the 87Rb, F = 2 → F = 1 transition of the D1
line (795nm). An auxiliary Rb cell was used to stabilize
the laser frequency on the Doppler absorption profile.
The laser beam was expanded and an 8mm diaphragm
selected the center of the beam to obtain an intensity
homogeneity better than 10% cent. Neutral density
filters were used to obtain 25µW radiation power at
the atomic cell. The polarization was controlled with a
linear polarizer. A half wave plate was used to match de
diode laser polarization to the polarizer. The 5cm long
Rb glass cell has 2.5 cm diameter windows. A silicone
tube with circulating hot water was wrapped around
the cell to heat it to 55oC without introducing a stray
magnetic field. The cell contains both Rb isotopes in
natural abundance and 30Torr of Ne as a buffer gas.
In a first experiment a magnetic field produced under
controlled conditions was measured placing the cell
inside a 15cm diameter, 40cm long solenoid whose
axis formed an angle of ϕ ∼ 14o with the light beam
propagation vector. The whole system was inserted in a
three layers mu-metal shield.
During the alignment preparation time interval, the
total magnetic field is canceled by switching off the elec-
tric current in the solenoid. When the magnetic field is
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FIG. 5: Experimental absorption transients measured for the
atomic cell in the environmental magnetic field for a) φ = pi/2,
and b) φ = 0.
turned on, the transient damped oscillation on the trans-
mitted laser light intensity is measured as a function of
the light polarization angle φ. The spectra measured for
φ = pi/2 and φ = 0 are well reproduced by the numeri-
cally simulated transients shown at Fig.3, however some
differences arise due to the magnetic field inhomogene-
ity existing in the cell. As the dimension of the laser
beam is not negligible respect to the solenoid diameter,
a transversal magnetic field gradient is present in the
atom-light interaction region introducing a slight spread
of the Larmor frequency that modifies the envelope of
the experimental oscillatory transients.
After numerical fitting of the experimental measure-
ments we found that ϕ = 13.6◦. Due to the magnetic
field spatial inhomogeneity it is difficult to evaluate the
uncertainty of this measurement.
The magnetometer operation was also tested placing
the cell outside the µ-metal shield to measure the am-
bient magnetic field. The magnetometer was placed in
an empty room to reduce the influence of inhomogeneous
and fluctuating magnetic fields usually present in the lab-
oratory.
The measurement was done following the procedure
described in Sec. III C. First the polarizer was rotated
until only one frequency was observed in the oscilla-
tory transient as shown at Fig.5.a. The polarization
transmission direction determines the direction of the
magnetic field component perpendicular to k. The
polarizer was then rotated by pi/2 and the observed
transient used to determine the angle ϕ via Eq.3 (see
Fig.5.b). The measured modulus of the magnetic
field was B = 22491 ± 1nT with a direction given by
ϕ = 21.2± 0.1◦ [18].
A series of measurements was performed introducing
with the solenoid a well known magnetic field along
the light propagation direction. It was checked that
the magnetometer properly describes the magnetic field
vector variation as it was systematically modified. As
shown in Fig.6, the field components along k is gradually
reduced by the field introduced by the solenoid while
the component perpendicular to k is consistently not
modified. Also shown in Fig. 6 are the measured
magnetic field modulus and the variation of B‖ deduced
from an independent calibration of the solenoid.
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FIG. 6: (Color on-line) Experimental measurement of the en-
vironmental magnetic field vector components B⊥ (red cir-
cles) and B‖ (blue triangles) when an additional magnetic
field along B‖ is added [A constant value of 10
4nT was added
to B⊥ for clarity]. Magnetic field modulus (black squares).
Estimated value of B‖ deduced from coil calibration (solid
line)
VI. CONCLUSION
We have proposed a vectorial atomic magnetometer
based on the time domain measurement of the atomic
absorption oscillatory transients induced by the atomic
6alignment precession around the magnetic field. A sim-
ple formula relates the magnetic filed direction with the
amplitude of these oscillatory transients. The suggested
magnetometer is well adapted to the measurement of
slow varying fields such as the Earth’s magnetic field.
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